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The exact solution for the dynamic stress and strain waves generated by a

point explosive source in a whole space is a simple linear combination of the
reduced displacement potential, the displacement pulse and the velocity

pulse. The first decays as R-3 , the second as R-2, and the third as R-1

(Haskell 1964). The far-field strain wave pulse can be generated from the

velocity pulse by simply multiplying the latter by the slowness of the medium.

This suggests that a similar close relationship between the dynamic strain and

stress fields and the dynamic velocity field might exist in more general

media. Large data bases of near-field velocity recordings have been collected

and analyzed in the past whereas high frequency dynamic strain measurements

have seldom if ever been made. The purpose of this study has been to attempt

to use the data base of velocity records to infer the levels of dynamic strain

and stress that typically occur near to explosions and earthquakes.

The reason that near-field dynamic strains are of current interest is

that a variety of laboratory studies have shown that some typical geological

materials begin to behave in a nonlinear fashion at shear strain levels

between 10- and 10-6 (Navko. 1979). This nonlinearity manifests itself as a

lowering of effective Q. The phenomenon is frequency, amplitude and

overburden pressure dependent. Day and Minster (1986) have discussed the

potential significance of nonlinear behavior on interpretation of ground

motion data from a series of small explosions in salt, but the events were so

small that it is not straightforward to relate their results to nuclear

explosions or earthquakes. Also. the recording geometry of their experiment

was so simple that they could use whole space wave propagation results.

Near-field wave propagation is usually much more complex near to general

seismic sources (Burdick et. al., 1986, Heaton and Helmberger, 1978) It is

important to establish the levels of dynamic strain that occur for these more

typical sources in media where wave propagation is more complex.
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We present here the results of an investigation of the relationship

between the velocity and strain fields near to seismic sources in realistic

crustal structures. First we develop the theory necessary for computing

stresses and strains (rather than seismic motions) using the generalized ray

methodology. Then we demonstrate that in a layered half space the far field

strain wave is indeed very similar to the far field velocity wave. We develop

a transfer operator which, when convolved with an observed velocity record,

produces an estimate of a strain record. As noted above, in a whole space,

this operator would be a delta function with the amplitude of the slowness of

the medium. We show that in a layered half space it is a delta-like function

with approximately the amplitude of the slowness at the receiver. (For some

strain components, it is the amplitude of the vertical slowness and for others

the horizontal slowness.) Next we apply these transfer functions to a suite

of velocity records from nuclear explosions and from a small earthquake to

establish the levels of dynamic stress and strain which they generated. The

strain levels for the earthquake were found to be comparable to those for a

modest nuclear explosion once the difference in source depths is accounted

for. Presuming that the laboratory measurements of nonlinearity are relevant

to the earth, the results of this study indicate that there is a thin region

at the surface of the earth where effective Q can be expected to be very low.

SESSES = STRAINS I & WHOLE SPACE

The strain tensor in a whole space for a point explosive source has only

one nonzero, far field component in spherical coordinates. This, the radial

component, is given by

EF It RR /,/R - -2p/R 3 -2V,'/aR 2 - "'/a 2R (1)

The radial stress is given by

Pmj =- 4p # 2 I R 3 l' l aR 2 '-p' ' R (

2
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* is the reduced displacement potential, a, 0 and p are the compressional

velocity, shear velocity and density of the medium and the primes denote

differentiation. The last term on the right in Equation 1 is just the far

field velocity pulse divided by the compressional velocity. Thus, the strain

and stress fields are given exactly in terms of linear combinations of the RDP

and its derivatives. Seismic motion parameters generally have a near-field

term which decays as R-2 and a far-field term decaying as R-1- Strains and

stresses have additional near field terms that decay as R-3.

Of course, these expressions become much more complicated for a general

point source in a layered half space where, among other complications,

cylindrical coordinates must be used. However, these half space expressions

become much more tractable if near-field terms can be neglected. The simple

whole space expressions can be used to estimate over what ranges the

near-field terms are significant. Figure 1 shows the radial strains for two

point explosions with yields of 100 and 1000 kt. The RDP's were computed

using the formalism of Helmberger and Hadley (1981) with the yield scaling

relations published by Burger et al. (1987). The medium parameters are given

in Table 1. The far-field term is shown in the top row, the near-field terms

in the second row and the sum at the bottom. At a range of 1 km, the

near-field terms are important. By 3 km however, they have become relatively

insignificant. This result appears to have little dependence on yield. In

the next section, we will present a theory for computing body wave stresses

and strains using only the far-field terms. Based on this calculation, it

should be valid for ranges larger than 3 kn.

The amplitudes of the strain pulses shown in Figure 1 should give a

preliminary indication of how significant the nonlinear material behavior

observed by Mavko (1979) is likely to be. Figure 2 has been redrafted from

his paper and illustrates his basic result. The value of Q is observed to

3



RADIAL STRAINS
IN A WHOLESPACE

R= I km R= 3 km

181.2/J strain 1O0 Kt 60.4/1 strain

FAR FIELDr

105.5 10.1

'- NEAR FIELD Y

219.7 63.8

- sm
I sec

594.7 1Q00 Kt 198.2

FAR FIELD

623.4 54.4

"- NEAR FIELD

828.0 218.6

V- SUM

I. The analytic solution for the radial strain generated by a point
explosion in a whole space. The left column is for a range of 1 km. and the
right for a range of 3 Ion. An RDP for a 100 kt. explosion is shown at the top
and for a 1000 kt. shot at the bottom. In each instance the near field terms
are shown first by themselves, then the far field term and then the sum or
complete solution. The near field terms become insignificant by 3 km.
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PVlct S Velocitv Density Thickness

5.00 3.00 2.00

Pabu K Calcuatiogns
2.30 1.35 1.90 0.360
2.80 1.50 2.00 0.800
3.30 1.52 2.25 0.300
4.00 1.90 2.30 0.700
4.60 2.00 2.40 0.750
5.30 2.50 2.50 0.800
5.50 2.95 2.70 2.250
6.10 3.50 3.00 10.00
7.00 4.00 3.01 10.00

1.69 0.35 1.52 0.210
1.7? 0.50 1.56 0.210
1.93 0.70 1.74 0.210
2.10 0.90 1.89 0.210
2.25 1.15 2.03 0.339
2.50 1.50 2.26 0.480
2.67 1.64 2.36 0.320
2.85 1.74 2.39 0.320
3.45 2.08 2.48 0.800
3.69 2.21 2.51 0.160
4.20 2.50 2.60 0.160
4.55 2.71 2.63 0.395
4.75 2.75 2.65 0.395
4.92 2.84 2.65 0.501
5.09 2.94 2.65 0.501
5.37 3.10 2.65 1.130
5.65 3.26 2.65 1.137
5.68 3.28 2.66 1.144
5.72 3.30 2.68 0.588
5.75 3.32 2.70 0.563
5.79 3.34 2.72 1.158
5.83 3.36 2.74 0.750
5.85 3.38 2.76 0.970
7.20 4.17 3.07 1.440
7.27 4.20 3.10 1.454
7.34 4.24 3.12 1.469
7.42 4.28 3.14 0.746
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0.0 18 - sandstone /

0.016 X ATTENUATION

0.0 141V
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0.010- pyroxenite - 100

0.008/

0.006 '- 200

0.004 granite
x.... X--- 'x ' quartzite
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Microstrain

Figure 2. Linear plot of attenuation versus strain amplitude for six
different dry rocks (redrawn from Havko (1979)).
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begin to increase at about 10- strain. By 10° strain the effect is very

significant in most cases. The magnitude of the effect appears to also depend

strongly on the geologic material involved. It is generally believed that the

decrease in Q is caused by frictional sliding on cracks (Stewart et al.,

1983). The observed effect should therefore also depend on the density of

cracks in the material. As overburden pressure closes these cracks, it

becomes increasingly difficult for sliding to occur. Thus the nonlinear zone

probably does not extend to any great depth in the earth. Extending the 1 km

result in Figure 1 out in range by dividing by R, we find that for a 1000 kt

explosion, far-field strain drops to 10" -at about 60 km and does not fall to

10-6 until almost 600 km The nonlinear zone would appear to occur over a very

significant region.

STRESSES AND STRAINS LN A LAYERED HALF SPACE

Once a far-field approximation has been made in generalized ray theory,

the differences in the expressions for seismic motions and seismic strains are

actually quite small. Stress tensors can be generated from strain tensors

through the usual definitions. The necessary modifications can be most easily

demonstrated by beginning with the expressions presented by Langston and

Helmberger (1975). Figure 3 shows the coordinate system in which their

formalism is based. The small rectangle at the origin represents a fault with

given dip (6) and rake (A). Here we will consider the possibility of explosive

sources as well. The vertical, radial and tangential motions are given by W,

Q and V respectively. The displacements are given in terms of the Laplace

transformed seismic potentials 0, 0 and X by the Langston and Helmberger

"" (1975) equation 5

7
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Figure 3. Coordinate system for the seismic wave equation solution. Note
that z is positive downward.
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7 -_a (3)
ar

ar sparaz

where the near-field terms they give have been dropped. The Laplace

transformed potentials for a generalized ray are given in their equation 6 by

M0
3  

2 p __AI(O0,6)-lm Me xexp(P)dp4 ,p,.o zr f /17 ,( xspr}

M2 fr p i0

4 O ,,(0.,L,6 ) 2 m 1MJ SHP- 2sp xexp(P)dp4n p T f T 17P sprj1"1 0

M0 is the seismic moment, p is the density at the source and p and q are the

horizontal and vertical slownesses respectively. The phase of the ray, P, is

pI-s pr+Zthrl, (5)

where the thi's are the thicknesses of the layers encountered by a given ray.

The A,'s are horizontal radiation pattern terms and the C,'s, SV,'s and SHJ's

are vertical radiation pattern terms. The j indices, 0 through 3, denote an

explosion, a vertical strike slip, a vertical dip-slip and a 45 * dipping

normal fault viewed at an azimuth of 45* respectively. Any other point source

can be built from these fundamental sources through linear combination. These

radiation terms are not of importance to this discussion, so they will not be

explicitly written out here. They are given in Langston and Helmberger

(1975), though we have added the index 0 for an explosion source which they

did not. For an explosion, A0 is 1 and Co is 1/a2. The factor 7 represents

9



the product of transmission and reflection coefficients along the raypath.

The inverse transform is evaluated using the usual Cagniard de-Hoop method

(Wiggins and Helmberger, 1974, Helmberger, 1974). It is important to follow

in some detail how the displacements in Equation 3 are related to the

potentials given in Equation 4. The spatial derivatives in Equation 3 can be

evaluated prior to the inverse transforms. If near field terms are neglected,

they simply produce some additional multiplicative factors in Equation 4.

Helmberger (1974) discussed these factors in some detail, and we shall follow

his notation and utilize many of his results here. We need to derive these

factors for both the case in which the receiver is embedded in the half space

and when it is on the free surface. We shall show that the only difference

between seismic motion generalized rays and strain generalized rays is that

they have slightly different multiplicative factors, hereafter called receiver

functions.

To illustrate how these receiver functions are derived, let us consider

the case shown in Figure 4. We have an incident P generalized ray and

receiver points buried at depth h in the top layer of the stratified half

space. The arriving P ray carries with it a 4 potential with initial

amplitude A0. If we wish to compute the vertical component of motion, we

substitute the expression for the 4 from Equation 4 into the expressio: for W

in Equation 3. For a s.ngle ray in the ray sum, the result is of the foi

I

W f sRzAodP (6)
0

Z -

The factor of s generates a time deriv. 'ive, and Rpz is the receiver function.

The first of the subscripts indicates thai the initial potential was for a P

wave. The second indicates that the vertica: component of motion was

computed. The converted wave shown at the top I Figure 4 would have produced

a similar result except that the receiver function .-ould be Rsz. Also, the

10



RECEIVER FUNCTIONS

Seismic Motions

Inc. P ~Ref 1. P
AA 0 Rpz I A:A 0 RppRpZ

Conv. PS
A= A0 Rps RsZ

Seismic Strains

Inc. P RefI. P
A:A 0 RpZZ A!A 0 RppRpz z

Cony. PS
A A0 RpsRSZZ

Figure 4. Schematic of the waves that must be considered in the computation
of motion at depth h in the earth. Seismic motions and seismic strains vary
only in their receiver coefficients. Motions and strains at the free surface
are computed by taking the limit as h goes to zero.

11



product F, would include the free surface conversion coefficient RP. For the

reflected P, the receiver function would again be Rpt. but the value of the

function would change sign due to the factor t'. It is defined to be -1 if

the last leg of the ray is upgoing (incident P) and +1 if the last leg of the

ray is downgoing (reflected P). It arises because the phaso of the ray is

increasing with z in one case and decreasing in the other. It is primed to

distinguish it from the similar term, t defined by Langston and Helmberger

(1975) which has similar properties depending on whether or not the ray is up

or downgoing at the source rather than the reeie. As indicated at the top

of Figure 4, the free surface reflection coefficient, Rp would again be

included. The complete set of receiver functions for receivers buried in a

layer are given at the top left of Table 2. It shows that converting

potentiais to displacements involves no more than multiplying by plus or minus

the vertical or horizontal slowness of a ray.

We next consider the computation of strains within the medium using

generalized ray theory. To transform the three component displacement, D,

into a strain we need to take spatial derivatives according to the form

I

2'

We can again take these derivatives of Equation 3 prior to the inverse Laplace

transform. Again, they will result in additional multiplying factors of -sp

or -stqe Just as in the whole space case, transforming from seismic mot.cirn

to strain requires only multiplication by slowness The additional factc: ct

s causes a time derivative which transforms the displacement components !o

velocity The strain and velocity time histories appear to be closely rel&:,

just as in the whole space case The additional slowness multip'liers will

cause phase shifts in the inverse Laplace transforms so the twv pulses are no

longer exactly proportional We shall show, however, that in most cases :.e

effect of the phase shifting is not large The strain

12
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TABLE 2

Receiver Functions

Seismic Motions

In Jhl 5adiu &L tha ft Srfc
-z f'7.R. - -r.(7 p2l/$ 2 R(p)

with )4p11*

Rjt -p Rp- -4T7. 6 17/ft'R(p)

sz- p Rz- 4 pTI~r~,/, 2 R(p)

Rst- -E . 7o-j 2r7,,(172 _ p 2
l/R

2 R(p)

JR so- p Rss- 2p

Rpz- -f 'yep pz- -cpR5 z

with c-(a 2 -2 #2'!a

R pvz - - f 'r.RptRp~ - pR,.1

Rptv- - p R , 1  JR O,R, - - p R,, i

R s I - -E f'%,R, R 5 z - c pR s

Rszjt " - pRs5 7  Rsz2 - - pRsz

R5*-- -f 17#iRtR j - pRsz

Rsja - PRSaI R5 si, p pR so

R P* = P R. p pR.
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receiver functions for receiver points within the medium are given at the

bottom left of Table 2. A natural extension of the notation of Helmberger

(1974) has been used. The contribution to the zz component of the strain

tensor due to an incident P wave is computed using the coefficient Rpzz For

an incident S wave, it would be RZu and so on. There are 10 strain receiver

coefficients and only 5 motion coefficients, but as shown in Table 2 they are

very closely related and they appear in Equation 6 in an identical fashion

Most velocity records from explosions and earthquakes come from

instruments located on the surface of the earth. It would thus be best if we

could establish something about the levels of stress and strain in the

near-field utilizing this information. Furthermore, if we can develop models

that successfuly predict levels of strain and strain decay rates at the

surface of the earth, we can then use these models with some confidence to

predict strain levels and decay rates within the earth. To derive the seismic

motion receiver functions, we determine the composite response of the three

phases illustrated at the top of Figure 4 in the limit that h becomes small

compared to the shortest wavelength of interest. These are essentially factors

which are the sums of the amplitudes of the direct and reflected waves near

the free surface. The geometry for the incident P wave case is illustrated in

Figure 4. When the P, pP and pS arrive coincident in time the composite

amplitude of the response is Just A0(Rpz+RppRpz+RpRsz). The reflected waves for

incident SV would be SS+SP and for SH just SS. This means there is some finite

depth under a surface velocity receiver (defined by the shortest wavelength of

interest criterion) where the strains estimated from that receiver can be

thought of as existing The highest frequency of interest here is about 5 K:

and the slowest wave speed about 1 km/sec Thus, the strains that we estimate

probably exist in the earth down to depths of 200 m or more

The final step needed is to derive the receiver coefficients for strain

at the free surface It may appear that a reasonable way to accomplish tt.s

, , , - . , . o .



would be to d!fferentiate Equation 6 while inserting the appropriate

displacement receiver coefficient and to make the usual far field

approximation. However, this approach leads to nonzero vertical stresses on

the free surface. To obtain the correct result, it is important to first take

the required spatial derivatives of the displacements generated by the three

phases shown at the bottom of Figure 4 and then to take the limit as h becomes

small. The changes in sign caused by the factor t' and the factors of q0

generated by vertical derivatives of the S wave potential instead of n.

generated by the P wave potential cause a very significant difference. The

correct receiver functions for computation of free surface strains are shown

at the bottom right of Table 2. They are factors of - slowness and * a

dimensionless constant times different seismic motion receiver coefficients.

Note, however, that for motions in the medium RrZL is generated from R.,

whereas at the free surface it is generated from Rsz Several other similar

changes exist. The cancellation of the terms RM and R,~ along with Rs and

RSRZ guarentees that Em will be zero. The (8aW/8) has no far field

contribution, and Rsez is identically zero, so Ezwill be zero. The diagonal

term Ezz is a linear combination of the terms RPZ, RR, Rszz and Rsm which

always remains zero though the algebraic details are somewhat more

complicated. The free surface condition is satisfied by the strain receiver

coefficients at the bottom right of Table 2.

The preceding has shown that the relationship between velocity and strain

in a half space is very similar to their relationship in a whole space.

Instead of multiplying velocity by the composite slowness of the medium to

obtain straia, howeverit is necessary to multiply by either the vertical or

horizontal slowness. Figure 5 illustrates the degree to which this is true

for a homogeneous half space. The source is the same 1000 kt explosion used

in Figure 1, and the medium parameters are again given in Table 1. On the

left are the velocity traces Each generalized ray in the sum has been

multiplied by a constant value of slowness equal to the value of p or r at

15
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Velocity VS Strain

Velocity x In A Holfspoce Strain(1000 Kt explosion)
Slowness

Surface Reciever

Ezz~ r a 15 km

.3761& strain 5.70

Er
21.2 

20.2

Erz
2.11 0.00

Buried Receiver
r a 15 km
ha 15kn

I69 6.93

P

p 13 7 13.2

r- 7sec

207 231

XL A comparison of velocity traces multiplied by constant values of
slowness (left) with actual strain traces (right) The traces compare yel
when the receiver is buried. Differences occur when the receiver is on the
free surface due to the free surface condition

16



which the Caghiard contour for that ray leaves the real axis. On the right

are the exact strains. The case of a surface receiver is shown on the top and

of a receiver buried at 15 km on the bottom. In each case, the range is 15

km. At the surface, the shape of the velocity times slowness pulse shape is

virtually the same as the Ezz shape. The difference in amplitude is due to

the fact that RPzZ is not just 
11a Rpz but the more complicated form given in

Table 2. If the velocity pulse is multiplied by the correct factor, again

evaluated at the constant value of p, then the amplitudes of the pulses agree.

The ER pulses agree in shape and amplitude. The true ERz strain is

identically zero which is not predicted by the approximation. Within the

medium, the approximation works very well. The reason it does not work

exactly is because of the phase shifting that occurs as p evolves along the

complex Cagniard contour.

Though the effect of the phase shifting in Figure 5 is small, a

homogeneous ',alf space is a very simplified medium. In more realistic crustal

structures where unusual raypaths may be important, the phase shifts can have

a large effect. It is necessary to find a way to account for this phase

shifting no matter whether it is strong or weak. The most straightforward

approach to devising such a velocity to strain transfer method is to utilize

theoretical frequency dependent transfer operators. These operators are

generated by computing a theoretical velocity and a theoretical strain

response for a site and deconvolving the former from the latter. Estimates of

strain records are generated from velocity records by convolving the velocity

records with the transfer operators. We shall illustrate in the following

that in most cases these transfer operators are very delta-like functions with

amplitudes controlled by the velocity at the receiver site. The latter is a

relatively well known quantity and we believe that as long as the frequency

shift between the velocity and the strain records is small the transformed

rpcords should be good estimates of actual strain-time histories
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The first data base to be processed using the transfer operators is a

suite of near field velocity recordings from five NTS nuclear explosions. The

events, which were detonated at Pahute Mesa, are SCOTCH (155 kt), INLET (324

kt), MAST (406 kt), ALMENDRO (670 kt) and BOXCAR (1300 kt). (The yields are

taken from Burger et. al. (1987).) The recording sites were at horizontal

ranges between 3.3 and 22.5 km. The recording instruments were L7 velocity

meters which have a response flat to velocity throughout the seismic band, so

the signals recorded on them are essentially velocity versus time. The event

locations, recording lines and receiver locations are shown on a map of Pahute

Mesa in Figure 6. Not all of the available records were suitable for use here

since some were too close and since some recording channels failed.

Each recording site used needed to have produced a three component data

set. In order to compute the transfer functions, it is also necessary to have

theoretical estimates of the velocity and strain pulses for each

source-station pair. The methodology for computing such synthetics is

discussed in Helmberger and Hadley (1981) and in Burdick et al. (1984).

Computation of body waves which are the phases of interest here is

accomplished through summation of generalized rays. Several possible plane

layered models for the crustal structure at Pahute Mesa are available in the

literature, but not all of them produce synthetic near field seismograms which

closely match the observations. The one used in this study was provided by S.

H. Hartzell (personal communication) and was specifically developed to produce

accurate near field synthetics. It is shown in Figure 7 along with the

alternate models of Helmberger and Hadley (1981), Hamilton and Healy (1969)

and Carroll (1966). The three models are in basic agreement, differing only

in the fine detail of the gradients. The parameters of the model are given in

Table 1.
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An example of the computation of a transfer function for the Pahute Mesa

crustal structure is given in Figure 8. The calculation is for the same

theoretical 1000 kt event considered in Figure 1 and Figure 5. It was placed

at a depth of 1 km in the crust. The synthetic vertical and radial velocity

pulses are shown on the left, the four nonzero partial derivatives of velocity

with respect to spatial coordinates in the center and the transfer functions

are on the right. The generalized ray sum used in computing the medium

response contained the primary rays of the P and pP type and near receiver

conversions of the PS type. The amplitude of the P wave velocity pulse is

about 10 cm/s, the strain amplitudes are a few tens of pstrain and the

transfer functions a few hundreds of pstrain/cm. The top strain is Ezz, and

the bottom is ERR . The center two must be summed to form Em. Note that they

sum exactly to zero which guarantees the conservation of the free surface

condition. The transfer functions are computed by transforming the velocity

pulse and corresponding partial derivative pulse into the frequency domain

using a fast fourier transform algorithm. The latter is divided by the former

and the inverse transform taken. The resulting transfer operator strongly

resembles a delta function with a signal to noise ratio of better than 5 to 1.

*To suppress the noise further a gaussian filter with a cutoff of 5 hz is

applied before convolving the transfer function with actual data.

A typical example of what happens when the transfer operators are applied

to observations is shown in Figure 9. The records are from the BOXCAR event

at a range of 7.3 km. The vertical and radial velocity traces are shown on

the left. They display a relatively impulsive and simple P wave arrival. The

amplitude of the first peak is about 30 cm./sec. on either component.

Transfer operators like those shown in Figure 8 were computed and convolved

through to produce the four derivative traces on the right. In this example

partial derivatives of the vertical velocity trace are generated from the

vertical trace and derivatives of the radial from the radial. In principle,

this need not be the case as we discuss in the following. The first peak of
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VELOCITY TO STRAIN TRANSFER

(1000 Kt, Pahute Mesa Structure, Range = 10 km

Velocity Strain Transfer Function

W 13.0 cm/sec 7.6 p strain
aw "" 4

5.8 1.strain/cm

a w 28.0

i 204.

0 9 62 cm/sec 280

az

24 4

Figure 1, An example of the computation of the velocity to
strain transfer functions for the Pahute Mesa structure. The
velocity traces on the left are deconvolved from the strain
traces in the center to produce the transfer operators on the
right.
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BOXCAR S24
Range =7.3 kmn

Velocity Strain

30.9 cm /sec aw

54.4

27.0 Radial aQ

33.3

aQ

57.9

Fizure An example of the velocity to strain transfer for one of the
stations from the event BOXCAR. The velocity pulses are shown on the 1, t and
the estimated strain pulses on the right. The amplitude values refer tu the
first positive peak.
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aW/az is strongly reduced with respect to the later peaks. This is the

component in which the phase shifting by the strain receiver function is

generally the strongest. Its amplitude is also usually the lowest as it is in

this example. The top trace is Ezz, the center two are combined to produce EzR

and the bottom is ERR, If the free surface condition is to be satisfied

exactly, the center two traces should cancel. This clearly will not occur in

the example shown. In order for this delicate cancellation to take place, the

vertical and radial traces both need to be transfered into time series which

are exactly proportional. The synthetics are never really exact, and

generally the vertical component of motion is predicted better than the

radial. The radial is presumably much more sensitive to lateral velocity

variations directly under the instrument. In the following, we will force the

free surface condition to be satisfied by using only the more reliable

vertical records. In order for the stress P, to remain zero

E2 ZI--( -2 f 2 /a 2)r (8)

Thus, we can generate one nonzero strain from the other in such a way that the

free surface condition is satisfied.

Figure 10 shows the strains along with the trace of the strain tensor

next to the bottom and the maximum shear strain as a function of time at the

bottom. The maximum shear strain is defined as the absolute value of the

difference between the largest and smallest diagonal elements in the

diagonalized strain tensor. The event BOXCAR appears to have generated a peak

shear of 74 pstrain at 7.3 km and presumably higher at closer ranges. The

laboratory data in Figure 2 extends up to only 70 pstrain. This figuit shows

that if the waves from BOXCAR propagated through a material like sandstone,

they would be strongly attenuated indeed. Figure 11 shows the corresponding

stresses. The pressure in the next to bottom row is the negative of 1/3 the
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trace of the stress tensor and the bottom trace is .-he maximum shear stress.

The sixteen processed records are presented in Appendix I in the same format

as Figures 10 and 11.

The decay rate of the peak shear strain with range is shown in Figure 12.

Theoretical curves are shown for event BOXCAR which is the largest in the data

set and for SCOTCH which is the smallest. The curves are computed assuming

elastic theory is appropriate and using the same velocity structure as in the

calculation of transfer functions. Note in Figure 7 that this structure is

consistant with models derived using a variety of different approaches. The

observed values from the processed records are shown as data points. The 70

pstrain level is only half way up the vertical scale. The theoretical curve

for the smallest event does not drop below I pstrain by 25 km. Thus the

entire data set is within the strain regime in which the nonlinear process

observed in the laboratory is believed to be significant. It is interesting

that the observations show the same rate of decay as the theoretical curve.

The curve was computed using a theory which assumes linear elasticity holds.

The nonlinear effects, if they are indeed significant, should have dropped the

observed values below the elastic curves with range. However, it is important

to remember that the nonlinearity associated with sliding on cracks (see

Figure 2) probably only occurs very near to the surface. All of the

generalized rays important to the P pulse dive downward into the crust and

only enter the region where they might be attenuated as they emerge under the

receiver. In other words, all of the signals in the data from a given event

might be attenuated by more or less the same amount. The reduction in

amplitude by the nonlinearity would then be reflected in an underestimate of

the absolute size of the event.
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Eigar~ 19, Strains from a typical BOXCAR station. The top two
traces are the nonzero strains in a cylindrical coordinate syster
assuming that the free surface condition holds. The third trace
is the trace of the strain tensor, and the bottom~ trace is the
peak shear strain.
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BOXCAR 7.3 KM.
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[igure j Stresses from a typical BoxcAR station. The top two
traces are the nonzero stresses in a cylindrical coordinate
system. The third trace is pressure and the fourth is peak shear
stress.



PEAK SHEAR STRAIN DECAY
NEAR NUCLEAR EXPLOSIONS
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iSBAtIN AMD IILL HZI 1Q EARTHQAKES

The next records to which we will apply our velocity to strain

transformation procedure are froi a small aftershock of the 15 October l'9

Imperial Valley earthquake The aftershock was studied in some detail by Liu

and Helmberger (1985) who provided a mechanism, moment and time function for

it They reported the event depth as 9 5 km Figure 13 shows the strong

motion recordings from it A map of the stations, the aftershock location and

the mainshock location is shown in an inset The strong, clear pulse is the

direct S wave The P wave was only recorded in its entirety at a few stations

and was too complex to model. Several polarity changes are apparent in the

data Liu and Helmberger (1985) used this information to infer that the eve::

had a vertical strike slip mechanism They reported a moment of 1 0 x 10'

dyne-cm and a triangular time function with a rise of 0 1 sec and a fall of

0 I sec From our modeling studies, however, we conclude that a moment value

of 0 6 x 1021 dyne-cm and a source with a rise of 0 3 sec and a fall of 0 1

sec is more accurate

Certain unusual characteristics of the strong motion records will guide

how we will proceed to estimate strain from velocity in this instance Figure

14 shows the three components of motion observed at four of the stations at a

representative set of ranges HOLT is the closest station and BRAW the

farthest HOLT, ELCE and BNCR were three of the six stations that recorded

the complete P as well as the S waves Note in these records that the P wave

is smaller and much less coherent than the S wave The peak strains are

carried by the S wave pulse, so we will transform the S waves alone and not

attempt to process the P waves Also note that there is no clear SV arrival

on the vertical records In some cases there is a burst of incoherent energy.

but there is no clear long period pulse as on the radial component The fact

that the SV pulse is so small on the vertical component can be explained by

the fact that the shear velocity near the surface In Imperial valley is very
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Figre lk The radial ground velocities from the 23:19, 15 October 1979
Imperial valley aftershock.
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IMPERIAL VALLEY AFTERSHOCK
VELOCITY RECORDS

HOLT 7.5 km ELCE 10.0 km

z 'l l 1 2cm/sec 2 0

R 6.8 1 00

T 16.4 8. 1

BNCR 12.7 BRAW 25.6

II l . 0 .8

R 4.3 23

T \7 9 3

2 sec

£ J4 Four typical three component record sets from the Imperial Valley
aftershock. The P wave is more complex and much higher frequency than the S
wave. The vertical S wave component is small.
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low. Thus the SV ray emerges almost vertically and the wave produces little

vertical motion. We wish to avoid using the noisy vertical signals in our

processing since they will probably only degrade the accuracy of our strain

estimate.

The nonzero strains generated by an incident SV wave are EZ,, Err and ErZ

As before, we could use the vertical velocity record to generate the first of

these and the radial to generate the other two. Instead, we again will use

relation 8 to generate the information we need regarding Ezz from Err, and do

it in such a way that the free surface condition is automatically satisfied.

In essence, we generate an estimate of the vertical signal from the radial

signal instead of using the noisy vertical channel itself. One other point

worth noting about Figure 14 is the clear shift in frequency content between P

and S waves. Liu and Helmberger (1985) attribute this shift to a low

effective shear Q in the Imperial Valley. The value they used for shear Q in

the top layer of their crustal model was only 6.2. This results in a

relatively distance independent t" of .132 sec. In the calculations shown in

the following, we use this value along with the crustal model they presented

(see Table 1). A value for shear Q as low as 6.2 is surely atypical and could

easily be interpreted as an indication that nonlinear processes like those

suggested by the laboratory data shown in Figure 2 might be taking place.

An example of the velocity to strain transfer operators for the

earthquake case is given in Figure 15. As in Figure 8, the relevant

theoretical velocity traces are shown on the left, the spatial derivatives of

them in the center and the transfer operators on the right. In this instance,

the velocity traces are Q (radial) and V (tangential). The transfer operators

are shown with the gaussian filter (cutoff 5 hz) convolved through. Of the

four partial derivatives shown, only two are actually used in the calculations

that follow. The top one would be used to generate Err, but the other term in

, Erz would always cancel it to satisfy the free surface condition. The third
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VELOCITY TO STRAIN TRANSFER

Imperial Volley Aftershock, Range 10 km

Velocity Strain Transfer Function

0 17.2 cm/sec 68 strain 
F z -

.810 ,sstrain/cm

23.3

V 30.1 cm/sec 0.00 0 00
av
dz

77.4 22.7

Figr l. An example of the computation of the velocity to strain transfer
functions for the Imperial Valley structure. The velocity traces on the left
are deconvolved from the strain traces in the center to produce the transfer
operators on the right.

34

• • , • -- %. %, . - % % % % % % -.,' - - ,



transfer function is always zero because the corresponding receiver

coefficient is zero in Table 2. The second and fourth transfer functions

generate nonzero strain components Err and Er. The range for the calculations

shown in Figure 15 is 10 km just as in Figure 8. The strains for the

earthquake are slightly larger than for the megaton explosion. This is not

true at all ranges because, as we shall show in the following, the earthquake

strains decay at a much slower rate. Also, because different components of

the strain tensor are nonzero, the peak shear strains are somewhat larger in

the explosion case. The transfer operators for the earthquake source are

generally simpler than for the explosion case meaning that we are probably

obtaining a more reliable estimate of dynamic strain for the earthquake.

Figure 16 shows the transfer of the HOLT velocity record into strain.

The strain traces on the right are not strongly altered from the velocity

traces on the left. The changes in polarity that do or do not occur are just

as predicted in Table 2. The smoothing out of the detail is primarily caused

by the gaussian filter used in the deconvolution. The two nonzero strains are

shown at the top of Figure 17 along with the trace of the strain tensor and

the maximum shear. It is of interest to compare the peak strains for the HOLT

record to those of the SCOTCH record from 6.1 km. The peak shear for SCOTCH

is about twice as large and the peak compressive strain about three times as

large. It is important to note, however, that the SCOTCH source is actually

much closer to the station than the earthquake source. The depth of the

earthquake is 9.5 km while that of SCOTCH is 0.97 km. A theoretical

calculation of the strain for an earthquake source at the same depth and range

as the SCOTCH record predicts that the strains from the earthquake would be

slightly higher. Figure 18 shows the stresses associated with the HOLT

* strains. Stresses and strains from all 16 stations are given in Appendix 2.

Figure 19 shows the decay of peak shear strain with range. The observations

are shown as data points and the theoretical prediction of the model as a

smooth curve. The theoretical curve was computed for the particular
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HOLT

IMPERIAL VALLEY AFTERSHOCK
Range 7.5 km

Velocity Strain

Radial aQ

az

.349 k.L strain a Q
6.79 cm/sec r

11.2

6.4 Tangential a V

6'z

0.00

av

Isec

34.0

Figure 1j6. An example of the velocity to strain transfer for station HOLT
from the Imperial Valley aftershock. The velocity pulses are shown on the
left and the estimated strain pulses on the right.
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IMPERIAL VALLEY 10/15/79 23:19
HOLT STRAINS

1.123X10 - 6I

IErt 
169I-

1.123x10-6

3.404x10 - 5

5. 3 8.33 7: a 9.33 9. 33 1b. 33 111. 33
TIME (SEC)

F 1. Strains from station HOLT from the Imperial valley aftershock.
The top two traces are the nonzero strains in a cylindrical coordinate system.
The third trace is the trace of the strain tensor. The bottom trace is the
peak shear strain.
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IMPERIAL VALLEY 10/15/79 23"19
HOLT STRESE

6.006X10-3 r a
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Ptt A -
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Press .A ..

/ U1.271z10 - UP&

5. 7.33 :3 :3i 3. 11. 33
TIME (SEC)

Figu.r IL, Stresses from station HOLT from the Imperial Valley aftershock.
The top three traces are the nonzero stresses in a cylindrical coordinate
system. The fourth trace is pressure and the fifth is peak shear stress.



IMPERIAL VALLEY AFTERSHOCK

60 -PEAK SHEAR STRAIN DECAY

0= data

400

200

20 ~0 0

00

5 10 15 20 25
Range (kin)

Figure. 1u9, The decay of peak shear strain near to the Imperial Valley
aftershock.
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azimuth of 45o Here the SH and SV waves are equal amplitude and the pea

shear strain is relatively high The data come from a variety of azim.iths

which is why many of the data points fall under the curve Also, the souxte

model of Liu and HeImberger (1985) fails to correctly predict the ratio of

to SH. The SH data alone suggest a moment of .42 x 1024 dyne-cm and the S.

73 x 102' dyne-cm. The SH wave apparently has a more important effect in

determining the peak shear strain in many cases. The peak shear for the

earthquake at the surface of the earth is lower than for the explosions bu-

decays much less rapidly with range. This is because of the vertical

radiation pattern of the source and because the earthquake source is deeper

The strains generated by the earthquake are large enough so that the nonlintwj:

effects illustrated in Figure 2 are potentially significant.

DISCUSSION

The bulk of all seismic observations have been very successfuly explaTrtd

using linear elastic theory. It seems doubtful that nonlinear processes .u..c

be of great importance without having been noted previously. On the other

hand, the science is still evolving and new types of data are being studied

Very high frequencies (5 to 20 hz) are being studied for potential use in

discrimination between earthquakes and explosions. A thin, shallow layer with

nonlinear response might have an effect on the generation of such energy but

would be of no significance to 1 hz or lower frequency energy. If the

nonlinear zone has different ch-racteristics for explosions and earthquakes.

it might alter how regional phases are initiated in the two cases Such

layer would obviously also be important to the generation of free surface

phases such as pP. At low frequency such phases would appear as elastic

reflections, whereas at very high frequency they would appear to be strongly

attenuated. Some observations of nuclear explosions suggest that this is the

.0
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case Another piece of evidence that some nonlinear losses are occurring is

the strong motion data of Liu and Heluberger (1985) which does suggest that

effective Q in the near field of the Imperial Valley earthquake was very low

It Is important to note that even if the nonlinear process indicated by

the laboratory data does occur in the earth and is significant, it is not

clear exactly how it would manifest itself. At one level of approximation

effective Q could be considered to be a function of time with a value dictated

by the strain wave field It is difficult to imagine exactly what effect this

would have Stewart et al. (1983) have suggested a model for how the

nonlinearity would depend on the density of cracks in the medium and the

overburden pressure presuming that it is indeed related to frictional sliding

on cracks They proposed that

Q- P"/kAE (9)

where P is the overburden pressure, k is a constant function of the

material's elastic parameters, A is the crack density and E is the strain

amplitude. Day and Minster (1986) suggest an equivalent linear method for

solving wave propagation problems in materials behaving in a weakly nonlinear

fashion, but their method does not adapt easily to realistic media. Much

additional progress will be needed before the role played by high strain

nonlinearity in seismic wave propagation is understood.

The close relationship between velocity and strain wave pulses in a whole

space appears to be maintained for the most part in a layered half space. The

large data bases of near field velocity records which have been collected over

the years can thus be transformed into a data base of near field dynamic

stress and strain records. Near field strains for a large explosion appear to

be as high as 10-3 at the surface of the earth. Those near to a small
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earthquake apptar to be about 10-5 at the surface, though the source is much

deeper. These strains are large enough so that they may induce a nonlinear

response from near surface materials.
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sigm a -1.369 
z101l Mpa

2:50 3:50 4:50 :S 6:50 -Y:50 ' s
TIME (SEC)
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ALMENDRO 12.6 KM

RrrAAAAaa

Ezi n~

.25zx1o-

3.00 4.0 : 0 0 . vo 7:00 940 9.00
TIME (SEC)



~~~w~~ M-Ntr Lm "oku top nty'~' V T hr ~,VdtC!WtV'Wi' f VIy1MV C U. bIVLU UW VW LU-U

ALMENDRO 12.6 KM

Ptt 
34xOPWe

Pres k sA 
A A .28l- Ma

3.00 4. 00 5.00 6. 00 7.00 8.00 90
TIME (SEC)
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ALMENDRO 17.0 KM.

ThtA A

%.



ALMENDRO 17.0 KM.

Ftt ^P\P &

M49M



BOXCAR 4.9 KM.

S.309z10o Id

Ptt A f\-\7.850z10
1I up

Prs 
A135.OI~

2.52Uz100 M~a

1:50o 2: S 0.S 4:50 :s 6 o 7S
TIME (SEC)



BOXCAR 4.9 KM.
S1S STRAINS

A \\ w 
3rZl-

Shea- L- 
--- 4.778iID-4

1so 2: 50 3:50o 4:50 5:50o 6:50---7:.50
TIME (SEC)

56



BOXCAR 7.3 KM.
924 STRAINS

Err

Ezz

Shear

2. 00 3.00 4 .0 0 5. 00 6. 00 7. 00 6.00
TIME (SEC)

57



B OXCAR 7.3 KM.
524 STRSSES

Pry ~ 
.2X01l~

PttN 
a .exo ia

Sigm a 4.553 u101l Pa

2:003:0 05 0 :00 .0 0 :00 60
TIME (SEC)

58
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BOXCAR 10 .4 KU.
83" S3AD(

Theta-r, /\1.975xl1
4

Shear-3.757zl1O6

2: S50 s 4:60 5:50 6:50o 7: 50---8 so5
TIME (SEC)



BOXCAR 10.4 KM.
SU4 STRESSIS

L2IOl UP&

PrrA

6.171z102 UP&

itt

Press .- %A1.073101- 
UP&

2.1021101, up&

2:50O 3:50o 4:50 6 s 6:50 7:50s 0: so
TIME (SEC)

.60
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BOXCAR 22.5 KIL

1.S73x1O4

4.50 5.50 850s 7.50 le:5s 9.50o 10.50
TIME (SEC)

61



BOXCAR 22.5 KM.

37491O MUM

P=r

Ptt 
1.29Uz10-2 HP&

Ptts

4.50 5:50 $:s 7.50 :s ~D 05
TIME (SEC)

62



INLET 3.3 KM.

zrr 7 A1.283Z10-
4

Sh 

v 
\

In 

3.91z -

1.00 2.0 30 .0 50 .0 70

TIME (SEC)G

Theta e=.63

V

'I * 'X **-



INELET 3.3 KM.

Ptt A A27U01I~

1.165z100 uPa

1:0 2: 0 :00 4:00 5:00 ou 7.00
TIME (SEC)
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INLET 6.5 KM.
37 STRAWs

4.33z10O-

The

2:003:0 0 .0 ,0 :0 7:00 00
TIME (SEC)
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INL.ET 6.5 KM.
S7 WrRESSEB

Prr

1.5x1- J~

Ptt

Pres--- uxd

4.646z101 IMs

sigmA

2: 0 :a :D :0 6: 0 7: 00 8.00
TIME (SEC)

66
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MAST 3.6KM
SB STRAWS

SheA

1:0 2: 0 : 0 0 c00 5:D : 0 70
TIME (SEC)
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MAST 3.6KM
SB STRESSE

Prr /-. \111l 
Ia

Ptt 
26OI- p

9.462z10l iMPa

100 2: 0 :00 4: 0 : 0 0 .0 7. 00
TIME (SEC)

68
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Fw 'r% '. W - -- - -w r wr t a % -WwwurW.-r --.- w-.- -w-.- -.--- -

MAST 5.5 1CM.

Th

Izzv

1: so 2.5 SO 3:s 4.50 S:s 65 7.50
TIME (SEC)
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MAST 5.5 KM.
96 STRESSES

Prr A

V v

v v

1.50 2.50 3.50o 4.50 5.50o 6.50 7.50
TIME (SEC)

sr,,



MAST 7.3 KM.

37 rr

A I 
2.431O-

V 

V

v 71

Sh

2: 00 /t. 00 4:0 :0 0 7 0 90

TIME (SEC



MAST 7.3 K(M.

PrrA 
A

2:t 00 -- % Ar\
TIME N(SEC)

Pro" 

9.83zlOs 
UP



-r - no wwr ---- W w W UI- w rw 'm- - - -- .-. w rr r

SCOTCH 4.1 KU.

TheA ^ \.

100 2: 00 3:0 4:00 S 0:00 7.00
TIME (SEC)

73
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SCOTCH 4.1 KM.

4.395z101l UP&

Ptt -f A1.043zl10
1 UP&

PtUP&

Mgma- 
3.353z0 1l JPa

1.00 2:00 .:0TIM 4.00 50 .0 70
TIE(SEC)

C,4



SCOTCH 6.1 KM.

*.43OZ1O4

a. vvs 10 -

75



SCOTCH 6.1 KM.

1.135x10-1 UPa

v 
v

1.50 2.50 3.50 4.50 550s 6.50o 7.50
TIME (SEC)
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IMPERIAL VALLEY 10/15/79 23:19
HOLT STRAIS

Irt

3.404x1 O-

5: 33 6: 33 7.33 8: 33 9: 33 10.33 11.33
TIME (SEC)

78



IMPERIAL VALLEY 10/15/79 23:19
HOLT STRESSES

8.OOfSiiO- Upa

PrrA

i.912X10- uPa

PttA \n

Pit

Sig= /Aa,,

5 3 63 -7 33 8:33 S33 1b 33 11.33
TIME (SEC)



IMPERIAL VALLEY 10/15/79 23:19
AMY STRAWN

1 .412z1O-G

rt 
134l-

1 .412x1O-G

Sher-

5.75 6.7S 7.75 0*:75 9 7S lb. 7S 11.75
TIME (SEC)

d8



IMPERIAL VALLEY 10/15/79 23:19

1.006z101 i Pa

2.4O3xl1O3 UP&

Ptt Ava%42

Prt

1.234x1O-2 liPt

sigm

5: 7S 6: 75 7:7S 0.7S 9:75 lb. 7S 11.75
TIME (SEC)

81
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IMPERIAL VALLEY 10/15/79 23:19

AM TR"
246XI-

ThetaA \1r

5:7 6: 87 7: 87 8:807 9. 87 10.87 11.87
TIME (SEC)
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IMPERIAL VALLEY 10/15/79 23:19

ptt

Prt 
9.202z10-s mpa

Press 
.404 1108s upa

5: 87 6:9 7: 87 6.87 9: 9 1b.897 31.87
TIME (SEC)

83



IMPERIAL VAILEY 10/15/79 23:19
ART5 SThAIS

1.931z1O-4

I'r

xrt

1.93 1xlO-

2.2zl5

She

-T 1

5.98 61.96 7.96 8.96 9.96 10.96 11.96
TIME (SEC)

48



IMPERIAL VALLEY 10/15/79 23:19

3.287zl1 8 lip&

Ptt

Prt f =

1.21Oz1O2 lIPa

5. 96 6.96 7. 96 .6: 9 96 10 l.96 11.96
TIME (SEC)
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IMPERIAL VALLEY 10/15/79 23:19
ILCE STRAIS

Ert

2.048z104O

6.0? 7.07 8:07 8:07 10. 07 11.07 12.07
TIME (SEC)

86



IMPERIAL VALLEY 10/15/79 23:19
1=C STRESSES

1.4OX1032 upa

Prr r-

3.486zI0- UP&

Pt~t

Prt

Pres.-09i-3Ip

1.238z1O-l UP&

6.07 7:07 8.07 9. 07 10. 07 11.07 12.07
TIME (SEC)
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IMPERIAL VALLE Y 10/15/79 23:19

6Err 7 :1 /1-- 2.2.19O-

TIE(SC

9-001ZIOI

Er88
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IMPERIAL VALLEY 10/15/79 23:19

Prr 7n .1XO2J~

Pitt Avv -

Prt AA= 
.5zO3I~

Pres 
707x.. P

Sirm

6. 19 7.19 8.10 90.19 10.19 11.19 12.19
TIME (SEC)

89



IMPERIAL VALLEY 10/15/79 23:19
ARYO STRAINS

Ert

Thetc 
193l-

6.22 7.22 8.22 a:22 1022 1122 12.22
TIME (SEC)



IMPERIAL VALLEY 10/15/79 23:19
ARY9 STRSSES

P"t

Prt A

1.213xl103 HPa

SUaM

6:22 7:22 8:22 9: 22 lb. 22 11.22 12.22
TIME (SEC)

91



IMPERIAL VALLEY 10/15/79 23:19

Shean.F

6. 28 7. 28 8. 28 9. 28 10. 28 11. 28 12. 28
TIME (SEC)
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IMPERIAL VALLEY 10/15/79 23:19

Prr7

PttA 
- .1W 3UP

S.159z10- UwPa

Press

2.0 17zl12 NiPa

8:28 7: 29 8:29 9:26 lb. 29 A.28 1 .2
TIME (SEC)

93
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IMPERIAL VALLEY 10/ 15/79 23:19

1 .675zlO-$

ur

1 .671O0-

sboat-=2 j L2.02310G-

6:5 7.5 6.55 s 9.55 b0.55S 11.5 2.55S
TIME (SEC)

94
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IMPERIAL VALLEY 10/15/79 23:19

A 1.194z0 lipa

Prt 
.2rO*W

pro" 
.931O- UP&

*.785itioS mpg

6: 55 7:55 6:6 i'5 b. 55 i. 55 ik. s
TIME (SEC)

95



IMPERIAL VALLEY 10/15/79 23:19
AR10 STRAWNS

3.66z1O-

Irt

She

6:70 7: 70 9:7 9:70 lb. 70 11. 70 1i. 70
TIME (SEC)
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IMPERIAL VALLEY 10/15/79 23:19

8-487103 liPa

r

ptt N /-%1.4 9z10 5' UPa

1.366z10- HP.

sPgm a

6:70 7:70 8:70 9:70 lb. 70 11.70 1'2.70
TIME (SEC)

97



IMPERIAL VALLEY 10/15/79 23:19
DXcil STRAWN

0.0 OzlO-4

Err Ai,

Ert 
A / =:6102l-

,.01sz10-.

Shea 
1205l-

6to 7:89 8: s 9.9 a 11.08 so.8
TIME (SEC)

98



IMPERIAL VALLEY 10/15/79 23:19

G.W2z103 lP.

ptt A, 135zl10 lift

Prem

2.65"u10- up.

6:8 7 . so ~ d .9 Be 119 so~



IMPERIAL VALLEY 10/15/79 23:19
AR11 STRAINS

EA A% 02.730z10-6

Zrr ,r

Ert 

1141z -5

2.T56zlO"- 6

She

7.30 0: 30 93 lb. 30 1. . i 1'3.30
TIME (SEC)

100
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IMPERIAL VALLEY 10/15/79 23:19
AR11 STRESSES

1.94h10-3 MiPa

Ptt 'l A4.647zO-3 
NlPa

Prt 
10%4. 34z 10- H pa

Pres 
.0uu-3lp

~ 1.587*10- HP.

7:30 8:0 93 b.30 11.30 62.30 19. 30
TIME (SEC)

101



IMPERIAL VALLEY 10/15/79 23:19

Err . .7A-21zl4

Ert 
9.43zlO-6

2.S29zlO4

7.51 S.51l 9. 51 10. 51 1'1.51 12.5 13 . 51
TIME (SEC)

102



IMPERIAL VALLEY 10/ 15/79 23:19

Ptt A I-3.SS6t O-3 Pa

Pit

Press

1.597x10' Upe

TIME (SEC)

103



IMPERIAL VALLEY 10/15/79 23:19

2.635z1O-6

8.56 9. 5o. 1.56 11.56 12.56 13.56 14. 6

TIME (SEC)

104
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IMPERIAL VALLEY 10/15/79 23:19

PttA 
\173l3We

1.O34zlO-2 IWP&

6. so 9. 56 5'. 56 11I.56 1'2. s6 1b 56 14. 56
TIME (SEC)

105



IMPERIAL VALLEY 10/15/79 23:19

Ert

Shen a24l-

10.36 11.36 12. 36 1b. 36 14. 36 1A.36 1b. 36
TIME (SEC)

106



IMPERIAL VALLEY 10/15/79 23:19

Prt

2.O22u1O-3 MPa

10.36 11. 36 12. 36 A. 36 24". 36 1536 16.36
TIME (SEC)

107



IMPERIAL VALLEY 10/15/79 23:19
DRAW STRAD

4.226z1O4

6.85zl0'4

She&

lb. 75 11.75 12. 75 13. 75 14.75 l'5.75 15. 75
TIME (SEC)

108



IMPERIAL VALLEY 10/15/79 23:19

Prr a-av

ptt A

Prt1.4103lp

1.244Z103 Upa

Prom A

3.l7OZ10lO4

* sigm

lb. 7S 11.75 2. 7S 13. 7S 1'4. 7S A.7S I'S. 7S
TIME (SEC)

109
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